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Abstract: The rst Bridge Monitoring surveying was car-
ried out in 1996 by the authors, through attaching Ashtech
ZXII GPS receivers onto the Humber Bridge’ parapet, and
gathering and further analysing the resulting 1 Hz RTK
GPS data. Various surveys have subsequently been con-
ducted on the Humber Bridge, the Millennium Bridge, the
Forth Road Bridge, the Severn Suspension Bridge and the
Avonmouth Viaduct. These were all carried out using sur-
vey grade carrier phase/pseudorange GPS and later GNSS
receivers. These receivers were primarily dual frequency
receivers, but the work has also investigated the use of
single frequency receivers, gathering data at 1 Hz, 10 Hz,
20 Hz and even 100 Hz. Various aspects of the research
conducted are reported here, as well as the historical ap-
proach. Conclusions are shown in the paper, as well as
lessons learnt during the development of this work. The
results are compared to various models that exist of the
bridges’ movements, and compare well. The results also
illustrate that calculating the frequencies of the move-
ments, as well as looking at the magnitudes of the move-
ments, is an important aspect of this work. It is also shown
that in instances where the magnitudes of the movements
of the bridge under investigation are small, it is still possi-
ble to derive very accurate frequencies of the movements,
in comparison to the existing models.
Keywords: deformation monitoring
DOI 10.1515/jag-2014-0013
Received June 03, 2014; accepted October 02, 2014.
*Corresponding Author: Gethin Wyn Roberts: The University of Not-
tingham Ningbo, China, E-mail: gethin.roberts@nottingham.edu.cn
Christopher J. Brown: Brunel University, Uxbridge, UK
Xu Tang: The University of Nottingham Ningbo, China
Xiaolin Meng, Oluropo Ogundipe: The University of Nottingham,
Nottingham, UK
1 Introduction
The use of GPS and GNSS for monitoring the deections
of bridges has been an ongoing thread of work by the au-
thors for almost 20 years. The work started on the Hum-
ber Bridge in the UK, followed by the London Millennium
Bridge, an 80 m long motorway viaduct near Bristol in
the UK, the Forth Road Bridge and more recently the Sev-
ern Suspension Bridge. Other pieces of research have been
conducted by the authors on other bridges in Australia,
South Korea, the UK as well as China, but so far the ve
bridges named above are the ones from which test results
have been used to advance the concepts and ideas.
The data gathered has been mainly used twofold.
Firstly, the movements of the structures, both on the deck
and on the support towers have been analysed. Secondly
the frequencies of the movements of the various locations
on the bridges have been derived from the 3D GPS coor-
dinates with associated time. All this work has been car-
ried out in a coordinate system relative to the bridge i.e.
transforming the GPS coordinates into bridge coordinates.
This is simply carried out by measuring the bearing of the
bridge, usually through the various GPS antennas located
on the side rail, and then transforming the coordinate sys-
tem into one that makes more sense in terms of the move-
ments; usually referred to as the bridges’ lateral, longitu-
dinal and vertical directions.
During the historical eld tests carried out, GPS and
GNSS data have been gathered at an increasing data rate,
from the original 1 Hz to 10Hz, and even 100Hz in some re-
cent cases. This in itself has beenan important step change
in allowing higher natural frequencies of the structures to
be derived from the GPS data.
The general concept behind this research is that the
GNSS data can be used to derive the movements of the
bridge, and in fact the simultaneous movement of a vari-
ety of locations on the bridge. These data can then be used
to compare to existing models of how the bridges should
behave, such as Finite Element Models (FEM). If specic
loading is recorded upon the bridge, such as wind load-
ing, trac loading or temperature loading, then these can
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also be compared with the expected movements from the
models. The long term theory is that the ongoing GNSS
derived movements and frequencies can be used to vali-
date themodels. As the bridges become older, their deec-
tion characteristicsmay change. In addition, some bridges
have much more loading applied to them than when de-
signed. The Forth Road Bridge, for example, was opened
in 1964. During its rst year of operation, some 4 million
vehicles passed over it, and at the time the largest Heavy
Goods Vehicles (HGV) on UK highways weighed 24 tonnes.
In 2002, 23 million vehicles passed over the Bridge, and
now the maximum sized HGVs in the UK are 44 tonnes.
Over the past 20 years or so, an increasing number
of long span suspension bridges have been built. Interest-
ingly, today 30 of the top 100 longest spans in the World
are in China, 23 of which were opened after the year 2000.
The oldest was opened in 1984; the Dazi Bridge, a one-lane
suspensionbridgewith amain span length of 500m, span-
ning the river Kyi in Dagzê, Tibet. Many of these have GPS
receivers located upon them, gathering data to allow the
analysis of their performance to be ascertained.
The following paper gives an overview of thework car-
ried out by the authors to date, illustrating some of the
main ndings during each of the pieces of work over the
past 18 years on the Humber Bridge, Millennium Bridge,
Forth Road Bridge, Avonmouth M5 Viaduct and more re-
cently the Severn Suspension Bridge.
2 Case Study 1; The Humber Bridge
2.1 Field Test Number 1; Initial RTK
Demonstration Results
The Humber Bridge was the rst test bed used by the au-
thors for measuring the deections of such a bridge using
kinematic GPS. The Bridge was opened in 1981, and had
the longest suspended span in the World until the Akashi
Kaikyo¯ Bridge in Japan was opened in 1998. The Akashi
Kaikyo¯ Bridge still holds this record by over 300 m above
its nearest competitor. The Humber Bridge was number
one in this claim when the rst set of surveys were con-
ducted by the authors upon it, today it lies number 7, with
3 Chinese bridges in the top 6. The Humber Bridge lies in
an almost north-south direction. The rst tests were con-
ducted on the 7 March 1996, whereby Ashtech ZXII dual
frequency code-carrier phase GPS receivers were used.
During the initial tests, one GPS receiver was placed on
top of the Bridge’s control building (Figure 1), and a rover
GPS receiver attached to the parapet at the side of the pub-
Fig. 1. The Ashtech ZXII reference GPS antenna located on top of the
Humber Bridge oce.
Fig. 2. Gethin Roberts on the Humber Bridge on the 7 March
1996 [2].
lic footpath at the middle of the 1,410 m long mid-span
(Figure 2). During these eld tests, RTK GPS was incorpo-
rated at a rate of 1 Hz using Ashtech’s real time version of
their PNAV software. The initial study showed that the use
of kinematic GPS was indeed suitable for such deection
monitoring of large suspension bridges, such as the Hum-
ber Bridge [1, 4, 22]. Movements of the order of 300 mm
were observed in the vertical direction, Figure 3, due to
normal trac loading.
It was also deduced that the pole used to support the
GPS ground plane antenna was not ideal, as this in itself
would have its own vibration characteristics as the Bridge
moved, and all subsequent eld work used a low rising
clamp to attach the antenna directly onto the bridges.
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Fig. 3. Humber Bridge RTK Results in the Height Direction, 7 March
1996 [2].
2.2 Field Test Number 2; Validation of Finite
Element Numerical Models
Subsequent eld tests on the Bridge included onewhereby
5 fully laden HGVs, with a measured known total mass of
160.19 tonnes, travelled over the Bridge in various forma-
tions at 45km/h on the 16 February 1998 [4, 22]. The tests
were carried out in almost windless conditions in the early
hours of the morning when other trac loading was ex-
tremely light. Four Ashtech ZXII and one Ashtech GG24
single frequency GPS/GLONASS receivers were located on
the bridge at key locations, on both sides of the deck, gath-
ering raw data at 5 Hz to allow post processing. Again
the reference receivers were located on top of the control
building for the Humber Bridge. An FEM of the Humber
Bridge had been developed at Brunel University [4, 15], the
tests carried out using GNSS on the Bridge allowed the the-
oretical model to be compared to the GPS derived results.
The trials consisted of the HGVs being driven over the
bridge in three tight formations, whereby three HGVs were
in the outer carriageway, next to two in the inner carriage-
way. The rst consisted of all ve HGVs travelling south-
bound together at approximately 45 km/h. The second run
consisted of all ve HGVs travelling together northbound
at approximately 45 km/h. TwoHGVswere then taken over
the bridge southbound to begin thenal run that consisted
of two pairs of HGVs travelling from each end of the bridge
to meet at the middle of the midspan. Here they remained
stationary for approximately 5 minutes before departing.
Although the southbound carriagewaywas closed to other
trac, there was no way of stopping northbound trac.
This, however, was very light and intermittent due to the
time of the trial; therefore the majority of the movement
seen is due to the loading resulting from the ve HGVs.
Figure 4 illustrates the movements measured at the
various GPS locations whilst the 4 HGVs passed over
the Bridge. The fundamental frequency of the Bridge in
the vertical and lateral directions, calculated using Fast
Fourier Transformation (FFT) analysis using Matlab were
0.116 Hz and 0.052 Hz respectively. These compared well
to previous measurements [5, 6] and FEM calculated fre-
quencies [4, 13–16].
Figure 5 andFigure 6 illustrate two of the 5 height plots
for the GNSS receivers located on the Bridge. These are at
the middle of the mid-span, which would experience the
largest deections. It is evident from these where the two
initial manoeuvres described exist i.e. at 1:33 and 1:52. At
2:00 there is a small dip due to the two HGVs travelling to
the south side of the bridge, in preparation for thenalma-
noeuvre starting at 2:07. These results also illustrated the
twisting or torsional movement of the Bridge deck due to
o centre loading. This phenomenon has been witnessed
again and again in subsequent work, and the frequency of
the movement measured as well as its magnitude.
2.3 Field Test Number 3; 14 GPS Receivers
Further tests were carried out on the Humber Bridge from
the 1-4 March 2004, whereby 7 GPS receivers and 4 triple
axis accelerometers were placed upon the Bridge’s main
span, with another on each of the two side spans. These
were Leica SR530 and SR510 receivers using choke ring an-
tennas. Data were gathered at a rate of 10 Hz. A weather
station was placed next to one of the antennas, Figure 8,
and used to relate the wind speed and direction with the
movements [29]. During these tests, a further GPS receiver
was placed at shore level, giving a height dierence of 155
mbetween this and the twoGPS receivers on topof the sup-
port tower connected to a single antenna through a split-
ter [20]. These data was used to research into the residual
tropospheric error. Figure 7 illustrates the locations of all
the various GPS receivers, as well as the 4 accelerometers,
whilst Figure 8 illustrates the shore level GPS receiver with
theBridge in thebackground (left), and aGPS receiverwith
weather station located on the Bridge (right).
The datasets created are very large, with, in this exam-
ple, 14 GPS receivers gathering data at 10 Hz over a period
of 3 working days, in addition to the weather station and 4
accelerometer data. It was deduced at this stage that due
to the increasing size of the data, the processing was not
the issue, but being swamped with results was.
Various results were analysed and produced from this
large dataset [7, 8]. Various researchers used the output
of the data, investigating for example the residual tropo-
spheric eects due to the 155 m dierence in height be-
tween the shore and tower top antennas [20], the use of
single frequency GPS receivers for such work [7, 8, 27], as
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Fig. 4. Height deflections at the various GPS stations during the passage of the four HGVs over the Humber Bridge.
Fig. 5. Height deflection of main span east mid span on the Humber
Bridge [23].
Fig. 6. Height deflection of main span west mid span on the Humber
Bridge [23].
well as general analysis of movements and frequency de-
duction using various approaches [31]. Such approaches
included FFT and Power Spectral Density (PSD) analysis
using Matlab, and the development of Adaptive Filtering
techniques [25] in order to compare common signals in
various pieces of data. This included consecutive days’
data from the same GPS receiver at the same location, in
order to assess the multipath. The common signal from
the lter would be the multipath, and the uncommon the
movement. Band-pass ltering approaches were also de-
veloped [8, 24] in order to focus the frequency analysis
within a specic range, hence ignoring the GPS noise re-
gion.
Figure 9 illustrates the height movements of two GPS
antennas at locations 1 and 7 over a period of 18 minutes
and 20 seconds. These are at the same location along the
Bridge’s length, but on opposite sides of the deck. Here it
is evident that the Bridge during this period deects down
by up to 270mm. In particular, it can be seen that there is a
torsionalmovement in this data between the two locations
from 22 mm to 119 mm.
Figure 10 illustrates the analysis of the fundamental
frequency in the vertical direction derived from one of the
GPS data sets using Matlab’s FFT analysis tool. Here it can
be seen that the frequency is 0.117 Hz, which compares to
the previously derived frequency from GPS of 0.116 Hz, as
well as the Brunel model of 0.116 Hz. Further tests by the
authors on the ForthBridge illustrated that the frequencies
do change slightly, mainly due to external factors; such as
trac loading.
Figure 11 illustrates the vertical component of the GPS
results at one of the GPS locations for 3 dierent days over
13 12 hours for each of 2 and 4 March. The graphs have
beenoverlappedwith each other relative to the timeof day,
starting at 9 a. m. The data from the 1 March starts later in
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Fig. 7. The Locations of the various instruments during the eld trials on the 1-4 March 2004 on the Humber Bridge [27].
Fig. 8. A Leica SR530 GPS receiver and antenna located at water
level (left), and a Leica SR530 and lightweight choke ring antenna
on the Humber Bridge adjacent to a weather station (right) [27].
Fig. 9. Two GPS antenna results from locations on opposite sides
of the Humber Bridge, showing the eect of twisting on the Bridge
deck [28].
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Fig. 10. The Natural Frequency of the vertical direction of the Hum-
ber Bridge obtained from the GPS data using FFT analysis in Mat-
lab [28].
the day than the other two, as the receivers and equipment
were set up during themorningwhich took some time. The
deections due to the trac loading can be seen here, but
also the overall dip in the Bridge’s level over the period of
time. On the 2 March, the temperature at 09:15 was 4◦C,
and changed down to 1.8◦C at 09:40 and nally up to 8◦C
by 15:00 [8]. On the 4 March, the temperature started at
14.5◦C at 09:00, changeddown to 9◦Cby 10:05 and thenup
to 15◦C by 12:00, then again dropping to 11◦C from 12:45 to
14:10, rising again to 13◦Cat 14:50, thengradually dropping
from15:15 to 10◦Cat 16:30. It canbe seen fromFigure 11 that
the data corresponding to the 4March started o at a lower
level than the other two days, and continued downwards
at a slower rate [8]. The Bridge deck lies 110 mm lower at
09:00 on the 4th March than on the 2 March. There is evi-
dently a relation between the temperature and the level of
theBridge. Similar results havebeen seenonother bridges,
but there will be a time delay between the air temperature
and the temperature of the bridge’s steel work. A lesson
was learnt here in that ideally the temperature of the steel
would be required for future work if possible, in addition
to that of the air.
3 Case Study 2; The London
Millennium Bridge
TheLondonMillenniumBridge is a pedestrian bridge, con-
necting St Paul’s Cathedral on the north side of the River
Thames with the Tate Modern Gallery on the south side, in
London. It has span lengths of 81m, 144m and 108m, north
Fig. 11. Three consecutive days’ of data from the same location on
the Humber Bridge, illustrating the eect of temperature on the
overall level of the Bridge deck [28].
to south. It was opened on the 10 June 2000, and a char-
ity walk was organised, whereby 100,000 people crossed
over to celebrate the opening. It is estimated that there
was a maximum of 2,000 people on the deck at any one
time. This resulted in greater than expected lateral move-
ments, to the extent that somepeople stoppedwalkingand
grabbed onto the handrail in fear. The Bridge was subse-
quently closed on the 12 June 2000 in order to retrot hy-
draulic dampers in order to minimise such future move-
ments. The Bridge re-opened in 2002. It is thought that
due to the fact that the natural frequency of the Bridge is
very similar to that of someone walking, a forced oscilla-
tion was caused, and due to the fact that so many people
were walking close together they were likely to be walking
in step with each other [9]. The result was that the bridge
movedwith its resonant frequency, a similar concept to the
ill-fated Takoma Narrows Bridge that suered such a spec-
tacular collapse in November 1940.
After its closure, andbefore the refurbishmentwasun-
derway, the authors were given permission to carry out a
survey upon the Bridge using GPS. The survey was con-
ducted 22-24 November 2000, the authors placed 3 Le-
ica SR530 dual frequency code/carrier GPS receivers, with
AT504 choke ring antennas, as well as a Kistler triple axis
accelerometer clampeddirectly onto theBridge’s handrail.
A Leica SR530 GPS receiver, with AT504 choke ring an-
tenna, was established on the top of an adjacent build-
ing, within a few tens of metres of the Bridge. Figure 12 il-
lustrates the reference station being setup adjacent to the
Bridge, and Figure 13 illustrates one of the GPS receivers
and antenna on the Bridge, with the Kistler accelerometer
housed directly below the antenna.
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Fig. 12. The Leica GR530 GPS receiver and Choke Ring antenna refer-
ence station being set-up adjacent to the Millennium Bridge [26].
Fig. 13. A Leica choke ring antenna attached to the Millennium
Bridge’s handrail, with a Kistler triple axis accelerometer attached
underneath [26].
Due to the university only having 4 suitable GPS re-
ceiver at the time, it was decided to occupy one of the
Bridge points for the whole of the time, but the other two
receivers would rotate around the remaining 4 points for
periods of time, gathering data at a rate of 10 Hz in or-
der to be able to post process using both the Leica SkiPro
and the University of Nottingham’s KinPOS softwares. Fig-
ure 14 illustrates the locations of the survey points on the
Bridge, as well as the occupation periods. These were eas-
ily re-occupied every time the antennas were moved, as
they consisted of clamps which remained in situ through-
out the survey, and the antennas were moved from one to
another, sitting on the 5/8" thread located on the top. How-
ever, at a data rate of 10 Hz, and an 11 hour occupation pe-
riod, this results in 396,000 epochs of data for each of the
GPS receivers. The accelerometer recording at 200 Hz over
this period results in 7.92 million epochs of data points.
Again, this illustrates the vast amount of data that is gath-
ered through such surveying, which can then be very time
consuming to analyse completely.
The movements experienced on the Bridge during the
survey periodwere close to the noise level of the GPS. Only
the authors were present on the Bridge at this time, as it
had been shut to the general public since June. In addition
to this, small wind loading was experienced. However, the
authors made every eort to excite the Bridge by walking
in step on the Bridge.
Figure 15 illustrates themovements in the lateral direc-
tion at themidpoint (location B), as well as the derived fre-
quencies obtained through the use of FFT analysis in Mat-
lab. The modelled frequencies of the Bridge were known
to be 0.5 Hz and 0.95 Hz for the lateral movements of the
midspan, and 0.77 Hz for the south side span. It is evident
fromFigure 15 and Figure 16 that there are spikes in the fre-
quency results that relate well with the modelled results.
However, there is a lot of noise around this, so itmaynot be
possible to pin point these frequencies without any prior
knowledge.
Figure 17 illustrates the midspan results from the two
opposite locations i.e. A and B in Figure 14. The GPS posi-
tion results from the GPS data processing has had a 20 sec-
ond moving average lter applied. At rst glance, the re-
sults look good, as the apparent movements at both sides
seem to relate in all three axes. However, on closer inspec-
tion is can be seen that the longitudinal movements of the
Bridge are larger than those in the lateral direction. This is
not as expected, as the lateralmovements should be larger
than the longitudinal. TheMillenniumBridge is orientated
in a north to south direction, as are the Humber and Forth
bridges. However, the magnitude of the deection on the
Millennium Bridge is far smaller than the other two, and
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Fig. 14. The locations and times of locations of the 3 GPS receivers at the 5 monitoring points on the Millennium Bridge [26].
Fig. 15. Lateral dynamics on the Millennium Bridge’s midspan [28].
Fig. 16. Lateral dynamics on the Millennium Bridge’s south
span [28].
close to the noise level of the GPS carrier phase derived
position. Therefore, the resulting noise in the GPS solu-
tion, due to the resolution of the carrier phase signal, due
to any additional multipath, as well as satellite geometry
induced noise, resulted in a solution whose noise was in
the sameball park as themagnitudeof themovement. This
resulted in "apparent"movements. Further analysis of this
data and general satellite geometry showed that due to the
GPS satellite geometry, there is always a "hole" where one
would never see a GPS satellite in the sky at latitudes such
as the UK. Figure 18 illustrates the skyplot for London on
the 24 November 2000. Subsequently, the data was sim-
ulated, and a simulated pseudolite introduced in order to
assess the eectiveness of a psuedolite in such an environ-
ment [18]. The results showed that pseudolite technology
could indeed improve the results due to such gaps in the
sky. This led to more research into this area [3, 18], and a
change of direction to using Locatalites when the use of
pseudolites and transmitting on GPS frequencies became
outlawed inmany countries.However, the results from this
showed that even with small movements, it was still pos-
sible to pick up the frequencies of the deections, how-
ever, when the movements are relatively small, other error
sources become dominant.
During this period further analytical techniques –
such as wavelet analysis – were implemented, and the
use of Adaptive Filtering was used to try and improve the
quality of the movement signal in the results. This was
achieved through comparing two successive days’ of data
("Desired" and "Ref" in Figure 19), and removing the com-
mon part (the multipath), leaving behind a cleaner signal
("Out" in Figure 19). The wavelet analysis had shown the
multipath to be relatively low frequency. Figure 19, a sub-
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Fig. 17. The two Millennium Bridge’s midspan GPS receivers’ deflections having had a 20s moving average lter applied [26].
Fig. 18. A 24 hour GPS satellite skyplot over London on the 24
November 2000 [26].
set of the results, illustrates the height results for two con-
secutive days on the middle of the Bridge. At rst glance,
the graph showing the desired results could be thought to
be movement, but some of this is due to multipath. By us-
ing the adaptive ltering it is possible to split the two input
signals into a common element (multipath) and output re-
sult, which includes the receiver noise and themovement.
4 Case Study 3; The Forth Road
Bridge
The Forth Road Bridge is currently the 27th longest sin-
gle suspended span in the World, at a length of 1,006me-
tres. It was the 6th longest suspended span when it was
opened in 1964. This Bridge is very heavily used, and the
trac at peak times was queuing up over the Bridge dur-
ing the eld surveys carried out. Figure 20 illustrates one
of the monitoring locations, location D, as well as the two
reference stations. Leica SR530, SR510 and GX1230 GPS re-
ceivers were used, as well as a Novatel OEM4 GPS receiver
linked directly to an Applanix POS-RS inertial measure-
ment unit [12, 30]. Previouswork by the authors illustrated
that there was an improvement in the quality of the carrier
phase data between successive generations of receivers ie
the Leica SR530 to the Leica GX1230 [30]. A zero baseline
testwas conducted simultaneously using twopairs of each
of these receivers, the results showing that the standard
deviation or the zero baseline OTF processed data were
0.9 mm, 1.3 mm and 2.1 mm for the SR530 in East, North
and Vertical directions respectively, and 0.4 mm, 0.7 mm
and 1.2 mm for the GX1230 in East, North and Vertical di-
rections respectively [30]. Figure 21 illustrates the weather
station placed adjacent to location F; continuously gath-
ering wind speed and direction, temperature and relative
humidity data, as well as the Leica AT502 GPS antenna on
top of one of the support towers at location A2.
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Fig. 19.Multipath analysis of the GPS data through the use of Adap-
tive Filtering.
Fig. 20. The Leica AT504 choke ring antenna placed at location D
(left) and the two Leica AT503 choke ring antennas placed at the two
reference sites at the Forth Road Bridge (right) [30].
Fig. 21. The Omni Instrument weather station placed at location F
(left) and the Leica AT502 GPS antenna located at location A2 (right)
on the Forth Road Bridge [30].
Fig. 22. The location of the GPS antennas upon the Forth Road
Bridge [30].
Figure 22 illustrates the locations of all the GPS an-
tennas. The layout was planned so that the magnitudes
and frequencies of the movements could be observed at
the middle of the mid-span at two locations on opposite
sides of the Bridge deck (locations D and F), a quarter of
the way along the mid-span at two locations (locations C
and E), and also one eighth of the way along the mid-span
(location B). In addition to this, two GPS antennas were
placed on the tops of one pair of support towers (locations
A1 and A2). The layout was planned in this way in order to
investigate the relationship between the frequencies and
movements of the deck and towers, as well as to investi-
gatehowsomeof the frequencieswere in existence at some
locations and not others.
In total, 46 hours of data were gathered on the 8-10
February 2005. Data were typically gathered with down-
load periods every 5 or 6 hours in order to prevent long
data spans from being lost if there were any faults with the
equipment. Two referenceGPS receiverswereused,mainly
as a backupplan in case one failed. Fortunately, therewere
no problems with the equipment, and all the data were
gathered. The Forth Estuary Transport Authority (FETA)
suppliedmains electricity at all the GPS receiver locations,
which made the survey easier to perform and only backup
battery power was required in case of power cuts. Again,
there were none. The Bridge itself, compared to the Hum-
ber Bridge, is very heavily loaded. The construction of a
second Forth Road Crossing,mainly due to the high usage,
is underway. The trac can indeed be seen to be queuing
over theBridge inFigure 20 (right). Oneof thedataprocess-
ing and analysis methodologies used was to investigate
whether the natural frequencies of the Bridge changeddue
to the trac loading. Data were analysed between 02:00
– 03:30 (light trac loading) and between 07:30 – 09:00
(rush hour). The results show that the frequencies of all
the locations become slower from 0.1040 Hz or 0.1041 Hz
to 0.1026 Hz or 0.1027 Hz in the vertical directions at loca-
tions B, C, D and F, and from 0.2699 Hz to 0.2684 Hz in the
torsional movement between locations D and F [30].
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During the early hours of the 10 February 2005 be-
tween 01:00 to 01:45, two HGVs with known loading were
chartered by FETA to cross over the Bridge carrying out
specic manoeuvres. The HGVs weighed 40 tonnes each,
and the Bridge was closed to other trac during the spe-
cic moves. The manoeuvres were as follows, where the
HGVs travelled at 30km/h:
– (a) one HGV ran from north to south.
– (b) one HGV ran from south to mid-span on the west
side, stopped then the other HGV moved north to
south.
– (c) one HGV moved from north to south and stopped
at mid-span, while the other moved south to north.
– (d) oneHGVmoved from south to north, and then both
moved side by side north to south.
Figure 23 illustrates the height component for the 5 GPS
receivers on the Bridge deck over the period of the ma-
noeuvers above. The gure illustrates the periods where
the above manoeuvres occur. It is evident from Figure 23
that he Bridge deects during the loading. It is also evi-
dent that there are other movements on the Bridge outside
of the manoeuvres. This is due to the ambient trac hav-
ing to wait for the manoeuvres to be conducted, and the
Bridge opening up to the trac in between. In fact, after
manoeuvre b, the trac loading, and subsequent maxi-
mum deection of the Bridge, is more than that of the 2
HGVs.
Figure 24 illustrates in more detail manoeuvre d,
whereby the two HGVs travel from the north to the south
side by side. At the start of the graph, there is no mass
on the Bridge, as the Bridge was closed to ambient traf-
c loading. For the rst 2,770 seconds or so, the Bridge
moves with its natural frequency, and the sinusoidal na-
ture of this is evident. The twoHGVs thenmove from north
to south, rstly crossing onto the north span, with a length
of 408 m. The mass pushes down onto this span, caus-
ing the deck to pull down on the suspension cable, and
hence pull themid-span deck up. This lift is of the order of
53.1 mm, 71.8 mm, 96.7 mm, 103.1 mm and 90.6 mm for lo-
cations b, c, d, e and f respectively from their mean height
before the movement. Figure 24 illustrates the instances
when the HGVs cross each of the GPS antennas, as well
as the towers. The Bridge deck dips down by 317.2 mm,
328.1 mm, 329.7 mm, 331.3 mm and 253.1 mm at locations
b, c, d, e and f respectively from the mean heights just be-
fore the initial manoeuvre to the peak of the dip. The FEM
prediction for the movement at the mid-span under such
loading was 280 mm.
Figure 25 illustrates the FEM output for the shape of
the movement at the mid-span under such loading com-
pared to the raw carrier phase OTF derived position and
the height of the GPS antenna. A moving average lter of
100 0.1 second epochs, or 10 secondswas applied, through
the GPS data in order to smooth out the sinusoidal fre-
quency characteristics within the data, in order to result in
a graphmore comparable to the overall dip. Here, again, it
is seen that there is good correlation between the two sets
of results.
The correlation between the GPS derived movements
and the wind speeds during the surveys are illustrated in
Figure 26. It can be seen that there is a relation between
these. For example, it can be seen at around 23:00 on the
9th February the wind speeds reach values of up to 80
kph. In relation to this, the mean lateral movements of the
Bridge reach their maximum of almost up to 1 metre in the
East direction, from the maximum in the west direction.
Thewind speeds during this night were large, to the extent
that high sided vehicles had been stopped from crossing,
and small vehicles were about to be stopped, but then the
wind speed died down slightly.
5 Case Study 4; The Avonmouth M5
Viaduct
The Avonmouth M5 viaduct is a 173.7 m long span over
the River Avon in the UK. It carries a motorway, carrying
six running lanes, as well as hard shoulders and a single
public footpath and cycle path on the east side. This is an
example of a survey whereby small movements were ex-
pected. The survey was conducted on the 29th and 30th
November 2007 between 14:40 to 17:00 and 07:30 to 15:00
respectively, when ve GPS receivers were placed upon the
Bridge’s parapets. These were a mixture of Leica SR530
and Leica 1200 receivers, but all using choke ring anten-
nas. Figure 27 illustrates the viaduct, and the locations of
the 5 GPS receivers located upon it for the survey. Loca-
tions M and D are at the middle of the span, located on
each side of the footpath on the parapets. Locations A and
B at 40 metre distances from M, and C is 50 metres be-
yond the end of the support pier, thus allowing any bend-
ing movements of the road over the pier to be measured.
Figure 28 illustrates the Leica lightweight choke ring an-
tennas located on the Bridge’s parapets, as well as a close
up of location C. The reference receivers were placed adja-
cent to the Bridge, some 2 kilometres to the North West of
the Bridge. The main reference station was a Leica SR530
GPS receiver located at ground level, and a second static
receiver was placed on top of an adjacent derelict storage
building, which was approximately the same height as the
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Fig. 23. Vertical displacements during the Two HGV trials on the Forth Road Bridge [30].
Fig. 24. Vertical displacement during the Two HGV trials with the two HGVs travelling side by side from north to south on the Forth Road
Bridge [30].
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Fig. 25. Comparison between the GPS vertical displacements at location D with the FEM on the Forth Road Bridge [30].
Fig. 26. Comparison between the GPS derived lateral movements on
the Bridge and the wind speed at location F [30].
viaduct, Figure 29. Again with this survey, the antennas
were attached as close as possible to the Bridge’s parapets,
clamping the antenna directly onto this.
Even though small movements were expected, move-
ments of the order of 20 mmwere evident in the lateral di-
rection, 30mm in the longitudinal direction and 80mm in
the vertical direction. Figure 30 illustrates the lateral, lon-
gitudinal and vertical movements on the 30th November
at location M. Both the vertical and in particular the longi-
tudinal movements drift away from the mean over the 7.5
hour survey. This is thought to be due to the heating eect
of the Bridge, as has been seen previously in the vertical
Fig. 27. An illustration of the Avonmouth M5 Motorway Viaduct and
the location of the GPS antennas.
Fig. 28. Four of the ve survey points on the Bridge (left), and a
close-up of location C (right), all using Leica lightweight At503
choke ring antennas on the Avonmouth Viaduct.
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Fig. 29. The main reference station (left), and the second reference
station located on top of a derelict grain store (right) used for the
Avonmouth survey.
direction, but the longitudinal drift movementmay be due
to expansion in one direction.
One of the reasons for having the second reference sta-
tionon topof the granarybuilding,which is approximately
the same level as the viaduct, was to look at any residual
tropospheric eects. Figure 31 illustrates the verticalmove-
ments at all the survey points on the viaduct, as well as
the height results from the granary location over approxi-
mately a 3.5 hour period. The granary results help to illus-
trate the noise in the GPS results in the vertical direction,
and illustrates that the movements at the other locations.
There seems to bemovement at around 12:00 at all the
locations, but the results from the granary site also seem
noisy. The noise at the granary site is not as large as the
apparent movement at the viaduct locations, but they do
coincide. Figure 32 illustrates that at that time, there is a
very big spike in the DOP values, which could contribute
to some of this apparent movement.
Figure 33 illustrates the frequency response of the
viaduct through using Amplitude Spectrum analysis of the
GPS results in the vertical direction at location M. Here,
again, it can be seen that there is a clear response, show-
ing a frequency of 0.061 Hz, 0.5257 Hz and 1.139 Hz on the
29th November. Similar results of 0.068 Hz, 0.521 Hz and
1.106 Hz were seen on the 30th November.
6 Case Study 5; The Severn
Suspension Bridge
The Severn Bridge has the 29th longest suspended span in
the World at 988m, and was opened in 1966. The Bridge
carries the M48 motorway as a dual carriageway over the
Severn Estuary, connecting Bristol area to South Wales.
On the 10-12 and 18th March 2010, the authors carried out
some very extensive surveying of the Bridge using GPS
and GNSS receivers, located at key locations. Figure 34 il-
lustrates the locations of the various antennas upon the
Bridge. Four were places on top of each of the two pairs
of support towers (locations T1, T2, T3, T4), a further four
were placed on the northern side suspension cable (A, B,
C, D), and the ninth (location E) was placed on the south
side support cable adjacent to location C on the north side
cable.
Two reference stations were used at dierent loca-
tions, Figure 35. Themain reference stationwas located on
top of the Bridge’s toll oce, adjacent to the Bridge. This
allowed for increased security for the equipment, and also
allowedmains power supply to be available. The two refer-
ence GPS receivers were Leica 1200 dual frequency, gath-
ering GPS and GLONASS carrier phase and pseudorange
data. Leica AT504 choke ring antennas were used, with
the secondary station having a radome cover. The coordi-
nates of the main reference station was coordinated rela-
tive to theUK’s Ordnance Survey’s active network stations,
and the secondary station relative to the main station. The
secondary reference station was established in order to be
used as a backup in case data was lost from the main sta-
tion, and also to allow relative OTF positioning to be car-
ried out, in order to help assess the precision at specic
times of day, to then be able to compare to the moving lo-
cations on the Bridge.
The GNSS antennas attached to the Bridge were lo-
cated on the very tops of the pairs of support towers, Fig-
ure 36 (left), as well as directly to the suspension cables,
Figure 36 (right). It is thought that this was the rst time
so many GNSS antennas have been attached directly to a
suspension cable in this manner. The Tsing Ma Bridge in
Hong Kong has two of its 14 GPS receivers located on the
suspension cables in the middle of the mid-span, but all
the others are located on the Bridge deck [32]. The anten-
nas were carefully attached by sta from the Severn River
Crossing plc (SRC) at all the locations, due to the risk in-
volved. The 50m antenna cables were trailed down to eas-
ier and safer access locations, either within the enclosed
crossway between each pair of towers, or at Bridge deck
level, so that access was possible from the public footpath
at the side of theBridge. In fact,mains electricitywas avail-
able within the crossways, which made longer term data
gathering possible, with battery backup. The receivers lo-
cated at the Bridge deck level had to be battery powered,
and the batteries needed to be changed every 4hours or so.
The data was also downloaded at this interval in order to
ensure it was captured safely. The 9 GNSS receivers upon
the Bridge consisted of four Leica SR530 dual frequency
GPS receivers at the four tower locations, all connected to
Leica AT504 choke ring antennas. The GNSS receivers on
the support cables were all Leica 1200 dual frequency GP-
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Fig. 30. Lateral, longitudinal and vertical movements of location M on the 30 November 2007, the Avonmouth viaduct.
Fig. 31. The vertical movements at the granary location as well as the viaduct locations A, M, B and C over a 3.5 hour period on the Avon-
mouth viaduct [21].
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Fig. 32. Dilution of Precision results for the 30 November 2007 at the Avonmouth viaduct.
Fig. 33. The Amplitude Spectrum analysis of location M on the 29th November 2007, the Avonmouth viaduct.
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Fig. 34. The locations of the 9 GPS/GNSS receivers upon the Severn
Bridge.
Fig. 35. The main reference station (left) and secondary reference
station (right) used during the Severn Suspension Bridge survey.
S/GLONASS receivers, apart from location A on the 18th
March, which was a Leica SR510 single frequency GPS re-
ceiver, due to equipment availability.
Over the survey period, large amounts of data were
gathered. The SR530 GPS receivers were gathering data
at 10 Hz, whilst the Leica 1200 receivers gathered data at
20 Hz. In all, it is estimated that just fewer than 7.8 mil-
lion 3-dimensional coordinates were generated for every
24 hours of survey at the 9 Bridge survey locations at a rate
of 10 Hz. Figure 37 illustrates a typical lateral, longitudinal
and vertical plot at location A over a 40minute period. It is
evident that deections of 300mm or more are seen in the
Fig. 36. A Leica choke ring AT504 antenna placed at location T2
(right), and a Leica AT503 lightweight choke ring antenna placed at
location C (right) on the Severn Suspension Bridge.
vertical direction. There is also correlation seen between
the other two Bridge axes with the vertical deections.
Figure 39 illustrates the verticalmovements of the four
Bridge locations over a period of 10 minutes. Clear dis-
placements are seen, with a maximum at around the 4500
epoch mark. Clear sinusoidal characteristics in the data
are also seen, in particular when the Bridge has little load-
ing, such as around the 9000 epochmark. It is also seen in
Figure 39 that the vertical movements at the various loca-
tions are slightly oset from each other, as was seen in the
earlier Figure 24.
In addition to themovements of the Bridge deck, those
of the towers are also evident. Figure 40 shows the longitu-
dinalmovements of the four tower top GPS antennas. Here
again there is evidence of correlation between the pairs of
locations with each other, as well as the opposite pairs.
The relationship between the 4 locations can be seen at
around the 700 epoch mark, and again at the 5,700 epoch
mark. There are also instances where there ismovement at
one pair of towers, but not the other such as at the 1,600
epoch mark and again at the 5,000 epoch mark.
The GNSS data can be used to derive the frequency
of the movements as well as the magnitudes of the
movements. By using the time associated with each 3-
dimensional coordinate upon the Bridge locations, a Fast
Fourier Transformation (FFT) analysis within Matlab can
be used to extract these frequencies. Figure 41 illustrates
the frequencies obtained in the vertical direction at loca-
tion B. Here it can be seen that there is a strong signal at
0.146 Hz and a weaker signal at 0.2265 Hz. By carrying out
such analysis at all the locations, Table 1 is derived. Here
it can be seen that there is a fundamental frequency that is
present throughout the Bridge of around 0.146 Hz. This is
true for the vertical directions on the Bridge’s suspension
cable, as well as in the longitudinal direction at the tower
tops.
Normally, for a suspension bridge the cable frequen-
cies will dominate the range of frequencies identied from
the analyses.However,where data is simultaneously avail-
able from both the towers and the cable/deck – as in the
case study of the Severn Bridge - the frequency range given
from the Towers may reveal results pertinent to the towers
alone that are not present in the cables. This is the subject
of an ongoing separate study.
7 Summary of the Research
The progression of the work described in Sections 2 to 6
abovehas been signicant, andhas demonstrated increas-
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Fig. 37. The Lateral, Longitudinal and Vertical displacements at location B over a 40 minute period on the Seven Suspension Bridge. If this
data is looked at in more detail, Figure 38, it can be seen that there is a clear sinusoidal pattern in the vertical displacement.
Fig. 38. The Lateral, Longitudinal and Vertical displacements at location B over a 1 minute period on the Seven Suspension Bridge.
Table 1. All the GPS derived frequencies at the various survey locations on the Seven Suspension Bridge.
Position vertical longitudinal
A B C D E T1 T2 T3 T4
Freq 0.0595
Hz 0.1453 0.1460 0.1448 0.1457 0.1457 0.1457 0.1455 0.1461 0.1475
0.1862 0.1847 0.1847
0.2265 0.2264 0.2264
Brought to you by | De Gruyter / TCS
Authenticated
Download Date | 11/17/14 5:18 PM
G. W. Roberts et al., A Tale of Five Bridges | 19
Fig. 39. The vertical displacements at the 4 Bridge deck locations over a 10 minute period on the Seven Suspension Bridge.
Fig. 40. The longitudinal displacements of the four tower locations over a 10 minute period on the Seven Suspension Bridge.
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Fig. 41. FFT analysis in the vertical direction at location B on the Seven Suspension Bridge.
ing reliability and sensitivity as research has progressed.
The authors now feel in a strong position to state that
the use of GNSS to measure deformations, deections and
frequencies on such structures is a well-established tech-
nique.
The clear advantage of GNSS is the capability to mea-
sure 3-dimensional deformations at millimetre scale, and
at precise times, at rates up to 100 Hz. This means that
frequencies and deformations can be measured simulta-
neously, at numerous synchronized locations. The second
advantage is that these measurements may be obtained at
any location for which line-of-sight to satellites can be ob-
tained. In some of the cases described in Sections 2 to 6
above, alternative methods would have led to very com-
plex logistics at the very least, and possible loss of ac-
curacy at worst. Using GNSS in this way can also lead to
an accurate 3D coordinate that can be compared between
subsequent surveys in order to measure the deformations
over time, as well as the short term movements.
It is not suggested here that GNSSmonitoring is appro-
priate for all forms of structural monitoring. Accelerome-
ters can be more appropriate for higher frequencies where
deformations are small [19]. Laser scanners and more re-
cently Ground Based Synthetic Aperture Radar (GBSAR)
have been used for deformation monitoring, in particular
of landslides [10]. Deection monitoring of structures and
bridges using GBSAR have also been carried out [11, 17].
The use of laser scanners for deection monitoring of
bridges is not seen as being very feasible, for two reasons.
Firstly, the range is limited to a couple of hundred me-
tres, depending on the laser type used, but more so; the
laser scanner measures millions of discrete points over a
period of time, which could be over many minutes. This
means that each laser-scanned measurement would be
taken at a slightly dierent time, and hence the bridge
would havemoved over this interval. The use of laser scan-
ners is more for long term deformation measurements,
but any short term deections would make this end result
noisy. Further to this, the distance from the shore-line to
the bridge would have to lie within the range of the in-
strument’s capabilities. The use of GBSAR, however, has
many opportunities for measuring both deformations as
well as deections. Suchdevices have a claimedprecisions
of 0.2 mm and can measure at rates of up to 200 Hz [11].
However, in order to obtain a 3D coordinate, two synchro-
nized scanners are required, taking orthogonal measure-
ments to each other, and also the GBSAR technique suf-
fers the same problem as laser scanner, in that the mea-
surements are to many random locations on the structure.
The correlation of thesemeasurements from onemeasure-
ment to the next is not straight forward. Measurements to
corners or discrete points on a structure, or even targets,
are easier to correlate from one instant in time to another,
but measurements to plain open surfaces are not as easily
correlated from one instance in time to another. However,
GBSAR looks like a very useful tool for deection monitor-
ing of structures. Nevertheless, GNSS adds a very powerful
tool to the armoury, and enables a signicant range of de-
formations, deections and frequencies to be determined
using the same equipment, at synchronized multiple lo-
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cations, and also at ranges of many kilometres from the
shore-line.
8 Conclusions
This paper brings together the work carried out, so far,
in this subject area by the authors. It illustrates how ad-
vancement in GPS and GNSS technology and availability
has improved the results. It also shows that the frequency
response of structures is sometimes easier to pick up than
looking for the movements, in particular when surveying
bridges that have small movements, which are close to the
noise of the GPS.
The results have shown that it is possible to relate the
movements derived by GPS at various locations to each
other, as well as to established models of the bridges.
The use of such GNSS derived movements and fre-
quency responses couldwell beused as part of a Structural
Health Monitoring System, whereby the actual results can
be compared to predictions such as those obtained from
Finite Element Models. If a bridge is deteriorating, it could
be that the characteristics of the movements may change
over time. Such data and results could also help to show
when a bridge requires refurbishment, or even help to de-
velopmodels in therst place, aswell as help future bridge
designs.
Post processing of the data allows better analysis of
the results, using various reference stations and process-
ing parameters. Real time is not necessarily required un-
less the data is used to control the ow of trac related to
the movements.
The use of GPS has to be carefully handled as there
are still changes in Dilution of Precision values at various
times of days, as well as due to blockages to the view of
the open sky in particular directions due to buildings and
other infrastructure. This means that it is still required to
have a knowledgeable eye to look at and interpret the re-
sults, in case any spurious data results in apparent move-
ments. The introduction and adoption of a multi GNSS
approach could reduce the instances where spurious re-
sults are given. Currently at the University of Nottingham’s
campus in China, typically 30+ GNSS satellites are visi-
ble, including GPS, GLONASS, BeiDou, QZSS, and Galileo.
By 2020, it is expected to be able to track even more than
this number from the planned 110 or more GNSS satellites
available globally.
It could be possible to survey such structures contin-
uously; however this would result in an unmanageable
amount of data, which would be dicult to fully inter-
pret. It is very important to realise what is required from
this data, and a decision has to be made as to whether
data is required at every 10th, 20th or even 100th of a sec-
ond every single moment of the bridge’s life in an opera-
tional system. Indeed, if the approach is to investigate the
changes in a bridge’s characteristics over time, then a sur-
vey once per year for 3 or so days would be required. If the
engineer is interested in looking at the change in charac-
teristics due to specic external factors, then the surveys
should be coordinated to coincide. For example, the engi-
neer may be interested in looking at the eect of tempera-
ture changes, therefore, data in the height of summer and
depths of winter could provide relevant results. This pa-
per has illustrated that a temperature change of 12.7◦C can
result in a dip in the main span of 110 mm on the Hum-
ber Bridge. At such a location, a temperature dierential of
40◦C or more could be possible over a year’s period. In ad-
dition to which, high wind loading or high trac loading
could also be investigated. Therefore, the approach could
be to occupy the bridge with GPS receivers periodically, or
during specic times, or even all the time, but only to look
at specic pieces of data rather than trying to process ab-
solutely everything. However, it is very important to estab-
lish a benchmark for this data very early on in the bridge’s
life. Recording GNSS data at key locations to enable fu-
ture surveys to be compared to. These locations should be
marked or a permanent antenna mounting attached, so
that re-occupation is possible. Even locating an antenna
permanently in place should be considered. However, it is
also important to think ahead, as such structures are usu-
ally planned to have a life of 100 years or more, therefore
the use of a permanent antenna housing in terms of a 5/8"
thread attachment on the bridge is more feasible.
The future for the application of GNSS-based technol-
ogy to structural monitoring is good, based as it is on tech-
nology development and not on any theoretical restric-
tions. In the early days, the cost of equipment was rel-
atively high, and this has reduced over the period. The
need to use good antennas will remain. Much infrastruc-
ture, particularly in China and neighbouring countries,
has GNSS technology tted onto new major bridge infras-
tructure. Developments should focus on two main areas
1. the use of GNSS to remotely monitor infrastructure,
and
2. longer-term studies to demonstrate the stability and
trends in the performance of major structures.
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